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During mouse fertilization the spermatozoon induces a series of low-frequency long-lasting Ca21 oscillations. It is generally
ccepted that these oscillations are due to Ca21 release through the inositol 1,4,5-trisphosphate (InsP3) receptor. However,
InsP3 microinjection does not mimic sperm-induced Ca21 oscillations, leading to the suggestion that the spermatozoon
causes Ca21 release by sensitizing the InsP3 receptor to basal levels of InsP3. This contradicts recent evidence that the
spermatozoon triggers Ca21 oscillations by introducing a phospholipase C or else an activator of phospholipase C. Here we
how for the first time that sperm-induced Ca21 oscillations may be mimicked by the photolysis of caged InsP3 in both
mouse metaphase II eggs and germinal vesicle stage oocytes. Eggs, and also oocytes that had displayed spontaneous Ca21
oscillations, gave long-lasting Ca21 oscillations when fertilized or when caged InsP3 was photolyzed. In contrast, oocytes
that had shown no spontaneous Ca21 oscillations did not generate many oscillations when fertilized or following photolysis
f caged InsP3. Fertilization in eggs was most closely mimicked when InsP3 was uncaged at relatively low amounts for
xtended periods. Here we observed an initial Ca21 transient with superimposed spikes, followed by a series of single
transients with a low frequency; all characteristics of the Ca21 changes at fertilization. We therefore show that InsP3 can
mimic the distinctive pattern of Ca21 release in mammalian eggs at fertilization. It is proposed that a sperm Ca21-releasing
actor operates by generating a continuous small amount of InsP3 over an extended period of time, consistent with the
evidence for the involvement of a phospholipase C. © 2000 Academic PressINTRODUCTION occur in all oocytes (Mehlmann and Kline, 1994). Thus
there appears no immediate role for Ca21 oscillations at the
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pFemale mouse gametes display oscillations in their intra-
cellular free Ca21 concentration at two stages of matura-
tion. The first is at the germinal vesicle (GV) stage when
oocytes are undergoing meiotic resumption from prophase I
arrest (Carroll and Swann, 1992; Carroll et al., 1994; Deng
et al., 1998). The second is at fertilization when metaphase
II eggs are undergoing meiotic resumption from metaphase
II arrest (Cuthbertson et al., 1981; Cuthbertson and Cob-
bold, 1985). The function of the Ca21 oscillations in GV
tage oocytes is not certain. They are observed to occur
pontaneously but are not essential for GV breakdown
GVBD; Carroll and Swann, 1992). Furthermore, they do not
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All rights of reproduction in any form reserved.V stage. In contrast, the functions of the sperm-induced
a21 oscillations at metaphase II are better understood.
They block polyspermy by triggering cortical granule re-
lease (Kline and Kline, 1992; Ducibella et al., 1993; Xu et
l., 1994) and permit meiotic resumption by initiating
nactivation of cell cycle-arresting kinases (Kline and Kline,
992; Collas et al., 1993, 1995; Kubiak et al., 1993). The
essential role of Ca21 at fertilization is inferred by the
bservation that all fertilization events are blocked by
reventing cytosolic Ca21 rises (Kline and Kline, 1992),
while complete egg activation can be induced by Ca21
injection (Fulton and Whittingham, 1978).
Mouse oocytes or eggs fertilized at any stage of their
maturation display an associated change in intracellular
Ca21. Oocytes fertilized at the GV stage show only one or1
two oscillations (Jones et al., 1995b), while eggs respond
with Ca21 oscillations that last for several hours (Cuthbert-
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(Swann et al., 1989; Galione et al., 1994); either InsP3 or
InsPS3, a nonhydrolyzable analogue, produces Ca21 oscil-
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2 Jones and Nixonon and Cobbold, 1985; Deguchi et al., 2000). We have
uggested that the ability of the spermatozoon to induce
ong-lasting Ca21 oscillations is dependent on the egg being
in M phase (Jones et al., 1995a,b; Kono et al., 1996).
Similarly, more detailed studies in ascidians have found
that sperm-induced Ca21 oscillations are regulated by the
ctivity of maturation-promoting factor (McDougall and
evasseur, 1998; Levasseur and McDougall, 2000). How-
ver, any cell cycle control of the Ca21 oscillations in the
ouse is severely questioned by the finding that other
tudies have shown long-lasting Ca21 oscillations in oo-
ytes following fertilization (Mehlmann and Kline, 1994;
eng et al., 1998). It is not known why differing observa-
ions have been made on the sperm-induced Ca21 changes of
ocytes.
At fertilization in eggs it is hypothesized that the long-
asting series of Ca21 oscillations ensures complete escape
rom meiotic arrest (Jones et al., 1995a). However, the
recise mechanism of sperm-induced Ca21 release is not
fully understood. There is no Ca21 contribution from the
ertilizing spermatozoon itself (Jones et al., 1998a) although
xternal Ca21 is important during store refilling
(McGuiness et al., 1996). It has been proposed that an
egg–receptor sperm–ligand signaling cascade is activated, to
switch on an egg phospholipase C (PLC; Evans and Kopf,
1998). An alternative hypothesis is that a sperm-borne
Ca21-releasing cytosolic factor is introduced into the egg
(Swann, 1990). There is good experimental evidence to
show that a sperm factor induces Ca21 oscillations in
mammals (e.g., Swann, 1990). The identity of the sperm
factor is still to be resolved, but recent candidates include a
PLC (Jones et al., 1998b, 2000; Parrington et al., 1999a) or
alternatively tr-kit, a PLC activator (Sette et al., 1997,
1998). Regardless of the precise mechanism it is generally
accepted that Ca21 oscillations are induced by activation of
a PLC (originating from the egg or from the spermatozoon).
Ca21 release at fertilization is through the type 1 inositol
,4,5-trisphosphate (InsP3) receptor. A functionally inhibi-
ory monoclonal antibody against the type I InsP3 receptor,
hich is the predominant isoform in mouse eggs (Par-
ington et al., 1999b), blocks sperm-induced Ca21 oscilla-
tions in both hamster and mouse (Miyazaki et al., 1992,
1993). The antibody also blocks all the events associated
with egg activation (Xu et al., 1994), in agreement with the
essential role played by Ca21 at fertilization. These data
upport the prediction that either a sperm–ligand egg–
eceptor interaction or a sperm factor raises InsP3 levels
hrough the action of a PLC. Indeed, it has been shown that
73122, a PLC inhibitor, blocks Ca21 oscillations at fertili-
zation in the mouse (Dupont et al., 1996).
Microinjection of InsP3 into eggs does not give Ca21
oscillations that resemble those seen at fertilization.
This is surprising given the predicted role of the InsP3
receptor and PLCs at fertilization. In hamster eggs, the
response to InsP3 microinjection becomes attenuatedCopyright © 2000 by Academic Press. All rightlations that are damped within tens of minutes (Galione
et al., 1994). In contrast, InsP3 microinjection into mouse
eggs can induce long-lasting Ca21 oscillations (Jones and
hittingham, 1996). However, these oscillations do not
imic fertilization since InsP3 gives only high-frequency
Ca21 oscillations (Swann, 1994; Jones and Whittingham,
1996) that are amplitude modulated (Swann, 1994). Thus,
lower concentrations of InsP3 in the pipette result in
smaller amplitude oscillations, rather than a lowering of
frequency (Swann, 1994). Based on these observations it
has been suggested that the spermatozoon may sensitize
the InsP3 receptor to basal InsP3 levels (Swann and Lai,
1997). This would be at odds with the more recent data,
which predict a role for PLC or a PLC activator at
fertilization.
Here we mimicked fertilization responses in mouse eggs
and oocytes using caged InsP3 (cInsP3). These data therefore
upport the predicted role of a PLC at fertilization. We show
hat a continuous low level of photolysis matches many of
he hallmarks of fertilization and offer a model in which a
perm PLC generates long-lasting Ca21 oscillations by con-
tinuous production of small amounts of InsP3. We offer
reasoning as to why cInsP3 but not microinjection of InsP3
can lead to fertilization-like Ca21 oscillations in eggs.
Oocytes displayed fertilization responses, which depended
on whether they showed spontaneous Ca21 oscillations. We
uggest our results support a model in which sperm-
nduced Ca21 oscillations are cell cycle dependent but we
rgue that capacitative Ca21 entry and the dose of the sperm
actor (i.e., level of polyspermy) are also contributory factors
n the fertilization response.
MATERIALS AND METHODS
All chemicals were from Sigma (UK) unless otherwise stated and
were embryo tested or tissue culture grade where appropriate.
Gamete collection. In the present studies random-bred 4- to
8-week-old albino MFI mice (Harlan, UK) were used. To collect GV
stage oocytes, mice were primed with intraperitoneal injection of
7.5 IU pregnant mare’s serum gonadotrophin (PMSG; Intervet, UK).
Forty-four to 52 h later, ovaries were punctured with a sterile
needle and cumulus-enclosed oocytes were collected. Oocytes
were stripped of their cumulus cells mechanically using a mouth
pipette. Oocytes were cultured at 37°C in medium M2 for periods
of less than 3 h or at 37°C in a humidified 5% CO2 incubator in
medium M16 for longer cultures. To arrest oocytes at the GV stage
in some studies 0.1 mM dibutyryl cAMP was added to the culture
medium. Eggs were collected from the ampulla oviductal region,
12.5–15 h after intraperitoneal injection of 5 IU human chorionic
gonadotrophin (Intervet, UK), in mice that had been PMSG primed
44–52 h previously. Eggs were removed of their surrounding
cumulus cells by a brief incubation with 0.3 mg/ml hyaluronidase
in medium M2. Spermatozoa were collected from the caudal region
of ex-breeding MF1 mice (Harlan) and capacitated for at least 2 h in
medium T6 at a concentration of 1–2 3 105 sperm/ml (Quinn et al.,
1982).s of reproduction in any form reserved.
Ca21 imaging. Eggs and oocytes were incubated for 20 min
with 0.5 mM Calcium Green AM (Molecular Probes, Eugene, OR)
with 0.1% Pluronic F123 to aid dye dispersion. After being washed
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3Photolysis of Caged InsP3 in Mouse Oocytes and Eggsin medium M2, they were placed in a 37°C heated chamber
(Intracel, UK) that sits on the stage of a Nikon TE-300 inverted
microscope, fitted with 203 Cfi NA1 and 403 Cfi NA1.35 objec-
ive lenses, as described previously (Jones and Whittingham, 1996).
hen IVF was being performed, the zonae of eggs and oocytes were
emoved by a brief incubation in acid Tyrode’s solution. The eggs
nd oocytes were then attached to the bottom of the chamber as
escribed previously (Jones et al., 1995a). The optical field was
lluminated with a 75-W Xe lamp and illumination was minimized
y neutral density filters. A DM505 dichroic mirror (Nikon, UK)
ith a 520-nm cut-on filter was used for transmitting emitted light
o a charge-coupled device (CCD) camera (MicroMAX, 1300Y Sony
nterline chip; Princeton Instruments, UK). An average fluores-
ence signal from the entire egg or oocyte was used to represent
ntracellular Ca21 levels.
Illumination of the stage was controlled using a high-speed filter
heel Lambda 10-2 (Sutter Instruments, CA) placed between the
e lamp and the objective lens. In turn the filter wheel position and
hutter opening time were controlled by MetaFluor software v4.0
Universal Imaging Corp., PA). For calcium green excitation we
sed a 490-nm narrow band pass filter (Chroma, VT) fitted to the
lter wheel.
The Metafluor software was used to control the movement of
he shutter wheel and the acquisition of images from the CCD
amera. Typically we collected one image every 10 s. For higher
emporal resolution we recorded images every second, while for
maging over many hours we recorded images every 20 s to
inimize photobleaching.
Microinjection into eggs and oocytes. Borosilicate glass cap-
llaries (Clark Electromedical Instruments, UK; 1.5-mm outer
iameter 3 0.86-mm inner diameter) with an internal filament
ere pulled on a vertical pipette puller (Model P-30; Sutter
nstruments). Micropipette tips were broken on cotton wool as
escribed previously (Jones et al., 1995a). Micropipettes were
nserted into cells by using a brief pulse of the negative capaci-
ance overcompensation facility on an electrometer (World
recision Instruments, UK). A precise, bolus, injection corre-
ponding to 1–3% of the total cell volume was achieved using a
neumatic PicoPump (World Precision Instruments) as de-
cribed previously (Jones et al., 1998a).
Caged InsP3. One millimolar caged InsP3 was microinjected
into calcium green-loaded eggs and oocytes as described above. We
used a 360-nm narrow band pass filter placed in the filter wheel and
controlled the frequency and duration of photolysis using the
Metafluor software. Therefore, eggs and oocytes were photolyzed
using UV light, which was directed through the objective lens onto
the optical field. Since the microscope was inverted, the base of the
egg or oocyte, attached to the microscope slide, was closest to the
UV source. UV light would have been directed upward toward the
observer. The exposure was varied between 1 ms and 1 s. Photolysis
was performed between 0.25 and 1 h after microinjection of caged
InsP3.
RESULTS
Fertilization in Mouse Eggs
Ca21 oscillations are observed at fertilization in the
ouse (e.g., Fig. 1a). Any model to explain the mechanismCopyright © 2000 by Academic Press. All rightf sperm-induced oscillations would have to account for
arious distinctive temporal features of the Ca21 oscilla-
tions previously described by ourselves and others (most
recently by Deguchi et al., 2000). First, the initial Ca21
transient is longer lasting than subsequent oscillations and
has 1–5 superimposed Ca21 spikes (Fig. 1a, inset; Fig. 1b).
econd, the subsequent Ca21 oscillations are associated
ith a pacemaker rise in Ca21 (Fig. 1a, arrowhead). Third,
he Ca21 oscillations are low in frequency, with a range
between one transient every 5 min and one every 30 min
(Fig. 1a). The sperm Ca21 signal is also known to be
requency modulated (Faure et al., 1999), since the oscilla-
ory frequency increases with polyspermy (Fig. 1c, starred;
aure et al., 1999). All these points offer stringent criteria to
judge any proposed mechanism of sperm-induced Ca21
oscillations.
FIG. 1. Fertilization of eggs. (a) The typical low-frequency Ca21
oscillations observed following addition of spermatozoa (arrow).
Note that the first oscillation is associated with superimposed
spikes (inset) and that subsequent oscillations show a pacemaker
rise in Ca21 before regenerative Ca21 release (arrowhead). (b) Three
ouse eggs for which the first sperm-induced Ca21 oscillations are
hown. All three show superimposed Ca21 spikes. (c) In some
ecordings we observed a sudden upturn in frequency (starred)
hich Faure et al. (1999) have identified as due to further fusion
vents. RFU, relative fluorescence units of calcium green (see
aterials and Methods).s of reproduction in any form reserved.
Pulsatile Caged InsP3 Photorelease in Mouse Eggs
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4 Jones and NixonIt has been hypothesized that InsP3 is produced at fertili-
zation and yet sperm-induced Ca21 transients do not re-
semble those following InsP3 microinjection (see Introduc-
tion). We reasoned that the process of microinjection might
produce (i) an associated influx of Ca21 and/or (ii) limited
iffusion of InsP3 in the cytoplasm through its rapid inac-
tivation (see Discussion). These factors may alter the dy-
namics of Ca21 release such that InsP3 cannot mimic
sperm-induced Ca21 oscillations. We therefore used cInsP3
and recorded Ca21 changes following its photolysis. cInsP3
was pressure injected into the egg and allowed to diffuse
before uncaging. This also allowed any Ca21 rise associated
ith microinjection to subside so that we were recording
he effects of InsP3 release only.
Photolysis was achieved by a brief exposure to 360-nm
UV light that illuminated the whole of the optical field. The
direction of the UV light was from the base of the egg
directly upward toward the observer (see Materials and
Methods). A 100-ms period of photolysis was enough to
generate an immediate large rise in Ca21, comparable in
amplitude to those transients observed at fertilization (Figs.
2a and 2b). We could repeatedly uncage cInsP3 and with
ach event there was only one associated Ca21 transient,
ith no decline in its amplitude. Control eggs microin-
ected with KCl buffer showed no Ca21 changes when
exposed to uncaging UV light (Fig. 2a, inset).
The microinjection of cInsP3 is generally regarded as
producing an InsP3 reservoir inside the cell (Callamaras and
Parker, 1998), not readily exhausted by repeated photolysis.
This is directly illustrated in mouse eggs by repeated
uncaging of cInsP3 (Fig. 2b). Photolysis for 100 ms at a
requency of one event every 50 s produces a series of Ca21
oscillations, each Ca21 spike being coincident with a single
uncaging event. When the uncaging frequency was set at a
high level, such as once every 50 s, then the first few Ca21
transients were superimposed to give spikes on top of a
longer lasting Ca21 rise (Fig. 2b). This superficially re-
embles the first sperm-induced Ca21 oscillation at fertili-
ation.
Having established that uncaging of InsP3 is associated
with discrete rises in intracellular Ca21, we wanted to
xamine the amplitude of the Ca21 spike for various doses
of uncaged InsP3. This was important because the sper-
matozoon produces Ca21 oscillations all of a similar size.
Although it is not possible to give quantitative measure-
ment of InsP3 photolyzed, it has been established that the
amount of the InsP3 liberated is directly proportional to
the duration of photolysis (Callamaras and Parker, 1998).
Thus for cInsP3 it is possible to express amounts of InsP3
liberated in terms of the duration of photolysis. We
observed a full range of Ca21 release when the period of
ncaging was varied between 10 and 100 ms (Fig. 2c). The
egenerative nature of InsP3-induced Ca21 release in eggs
is apparent by the observation that the response ampli-
tude increased from ,20% of maximum to near maximalCopyright © 2000 by Academic Press. All rightver a very narrow dose range. Therefore, it was a
roperty of the InsP3–Ca21 release system to generate
a21 oscillations of similar amplitude once a threshold of
nsP3 had been reached.
By lowering the frequency of the uncaging from that
hown in Fig. 2 (50 s) to once every 5–30 min we could
imic the low-frequency Ca21 oscillations observed at
fertilization (not shown). Thus we introduce the possibility
that spermatozoa trigger Ca21 oscillations by pulsatile re-
ease of InsP3 (see Discussion).
FIG. 2. Pulsatile photolysis of cInsP3 in eggs. (a) Eggs displayed an
associated Ca21 rise when CInsP3 was uncaged for 100 ms (starred)
very 100 s. When uncaging was stopped no further Ca21 rises were
bserved. Inset: In eggs that had not been loaded with cInsP3 there
was no associated Ca21 rise following exposure to 360-nm light. (b)
cInsP3 can be uncaged repeatedly with no obvious decrease in the
ssociated Ca21 rise. Note that the first three Ca21 rises are
uperimposed when the frequency of uncaging is increased to one
vent every 50 s. (c) The duration of photolysis, varied between 6
nd 200 ms, was plotted against the associated Ca21 rise, expressed
as the increase in fluorescence as a percentage of the maximum
fluorescence rise. For a small increase in duration of photolysis a
sudden regenerative Ca21 rise was observed. Plot shows dose
responses for 6 eggs.s of reproduction in any form reserved.
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5Photolysis of Caged InsP3 in Mouse Oocytes and EggsContinuous Caged InsP3 Photorelease
in Mouse Eggs
We next examined the effect on cytosolic Ca21 of uncag-
ing cInsP3 so that we would generate a constant small
amount of InsP3. The duration of photolysis was reduced to
ms but the frequency of uncaging was increased to one
vent every second. Such a protocol would be expected to
enerate a steady-state InsP3 level since InsP3 levels remain
elevated seconds after termination of photolysis (Callama-
ras and Parker, 1998, and references therein). When InsP3
was released in such small amounts we observed an in-
crease in cytosolic Ca21 resulting in a regenerative Ca21 rise
Fig. 3a). This produced a Ca21 transient with all the
FIG. 3. Continuous photolysis of cInsP3 in eggs. (a) cInsP3 was
uncaged for a duration of 1 ms every second to simulate a steady
low level production of InsP3. Arrow indicates start of 360-nm
llumination. The associated Ca21 rise had superimposed Ca21
spikes resembling those observed at fertilization. (b) In eggs in
which cInsP3 uncaging was continued for several minutes we
bserved that the frequency of Ca21 oscillations gradually dimin-
ished such that several minutes could elapse before the continuous
uncaging led to a regenerative Ca21 rise. Before the regenerative rise
there was an associated pacemaker rise in Ca21 (arrowhead).Copyright © 2000 by Academic Press. All rightthree to five superimposed spikes, in accord with the
number observed at fertilization (Fig. 1b).
Using an uncaging protocol, which involved almost con-
tinuous low level InsP3 release, we could observe repeated
Ca21 transients (Fig. 3b). The frequency of such transients
was comparable to that observed at fertilization, i.e., greater
than 5 min per transient (Fig. 3b). Thus we could observe
extended periods without any associated Ca21 change in
etween Ca21 oscillations. We also observed a pacemaker
ise in Ca21 before each transient (Fig. 3b, arrowhead),
imilar to that seen at fertilization. Some aspects of the
a21 response with InsP3 were still dissimilar to a fertiliza-
tion response, most noticeably the duration of the first Ca21
transient, which was shorter, 117 6 6 s (mean 6 SE, n 5 16)
ompared to that which we have reported with fertilization,
07 6 7 s (Jones et al., 1995b). Also the interval between the
rst few transients was always less than 2 min, yet fertili-
ation has a much longer interspike interval (e.g., Jones et
l., 1995b; Deguchi et al., 2000). These differences probably
eflect an inability to mimic the spatial aspects of InsP3
production at fertilization or the absence of the sperm
factor in an unfertilized egg (see Discussion).
Fertilization of GV Stage Mouse Oocytes
Oocytes can also be fertilized and we therefore wanted to
establish that uncaging cInsP3 in these oocytes would
generate Ca21 changes that mimic those observed at fertili-
zation. Nearly half of oocytes (44%, n 5 137 oocytes from
14 experiments) displayed high-frequency spontaneous
Ca21 oscillations which persisted on average for about 30
in following Ca21 recording. These spontaneous oscilla-
ions appear to have no obligatory role in triggering GVBD,
ince oocytes without them underwent GVBD (data not
hown here; Carroll and Swann, 1992; Mehlmann and
line, 1994). Oocytes in which spontaneous Ca21 oscilla-
tions were allowed to stop gave further, long-lasting Ca21
oscillations when fertilized (Fig. 4a). Note that in this
experiment one image was recorded every 20 s, to avoid the
effects of photobleaching. Spontaneous oscillations seen
here have a shorter duration, of about 15 s, in agreement
with Carroll et al. (1994). The low sampling frequency
therefore gives spontaneous Ca21 oscillations an irregular
appearance. A higher sampling frequency results in very
regular amplitude oscillations (e.g., Carroll and Swann,
1992; Jones et al., 1995b). Oocytes that had given no Ca21
changes following recovery from the ovary, however, gave
only a short series of one to five oscillations when fertilized
(Fig. 4b).
Some of the oocytes, previously displaying spontaneous
Ca21 oscillations, gave irregular Ca21 oscillations in re-
sponse to fertilization (Fig. 5). Figure 5 also illustrates that
sperm-induced Ca21 oscillations would often stop and then
be reinitiated tens of minutes later. Zona-free oocytes used
here can become highly polyspermic (7–10 spermatozoa pers of reproduction in any form reserved.
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reinitiation of Ca21 oscillations is likely due to further
perm fusion events. Note that in some oocytes (as in eggs,
ig. 1) we observed a sudden increase in frequency consis-
ent with fusion events (Fig. 5b, starred).
FIG. 4. Fertilization of GV stage oocytes. (a) GV stage oocytes, wh
oscillations when fertilized. Note that there is a long period betwe
by fertilization (.1 h). (b) In oocytes which failed to display sp
sperm-induced Ca21 oscillations. Arrows indicate time of sperm ad
FIG. 5. Sperm-induced Ca21 oscillations could stop and then rest
esulted in very irregular Ca21 oscillations that stopped and then so
in b (asterisks). Arrows indicate time of sperm addition.Copyright © 2000 by Academic Press. All rightIt has been argued that spontaneous Ca21 oscillations are
riven by changes in oocyte InsP3, since insertion of a
micropipette containing InsP3 into an oocyte can reestab-
lish Ca21 oscillations (Carroll and Swann, 1992). This
nding is supported by the observation that spontaneous
ad displayed spontaneous Ca21 oscillations, gave long-lasting Ca21
ssation of spontaneous oscillations and the start of those induced
neous Ca21 oscillations we predominantly observed only a few
n.
GV stage oocytes. In (a) and (b) fertilization of GV stage oocytes
ime later were reinitiated. Note the upturn in frequency observedich h
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7Photolysis of Caged InsP3 in Mouse Oocytes and Eggsoscillations are blocked by the InsP3 antagonist heparin
Carroll and Swann, 1992; Deng et al., 1998). However, here
we show that spontaneous oscillations can also be driven by
Ca21 influx, since simple insertion of a micropipette con-
taining injection buffer causes their reinitiation (n 5 6; Fig.
6). To observe these changes the micropipette needed to
remain inserted in the oocyte and penetrate the plasma
membrane. A brief microinjection caused no significant
Ca21 release (not shown). Also no Ca21 release was observed
hen a micropipette was inserted in Ca21-free M2 contain-
ing 100 mM EGTA (n 5 6). The insertion of a micropipette
nto an egg, in contrast, led to no observable Ca21 changes
over tens of minutes (n 5 9). All of the above data are
FIG. 6. Reinitiation of spontaneous Ca21 oscillations in an oocyte
by insertion of a micropipette. A GV stage oocyte, which had
shown spontaneous Ca21 oscillations, was cultured for a further 30
min. A micropipette containing 120 mM KCl, 10 mM Hepes
buffered, pH 7.4, was inserted into the oocyte (arrow) and this
resulted in reinitiation of Ca21 oscillations. The gap in the trace is
the time taken to insert the micropipette.
FIG. 7. Ca21 oscillations in oocytes induced by pulsatile uncaging
spontaneous Ca21 oscillations. A 100-ms photolysis every 50 s resul
observed further Ca21 oscillations (indicated by arrows). (b) A GV
icroinjected with cInsP3. This oocyte did not respond to the first t
ubsequently the response was refractory and no further Ca21 tra
hotolysis was stopped for 10 min a similar train of responses couCopyright © 2000 by Academic Press. All rightasal level of InsP3 (see Discussion).
We could reproduce all of the observed sperm-induced
Ca21 changes in oocytes by uncaging cInsP3. In oocytes in
which spontaneous Ca21 oscillations had ceased, uncaging
nsP3 for 100 ms every 50 s gave Ca21 transients coincident
ith the uncaging event (Fig. 7a). In addition, between the
ncaging events further Ca21 transients were sometimes
observed, giving an appearance of irregular Ca21 oscillations
imilar to those observed at fertilization (Fig. 5). However,
n oocytes that had not given spontaneous oscillations, we
bserved a rapid decline in the sensitivity to InsP3 (Fig. 7b).
The response of oocytes to cInsP3 could be predicted by
hether they had shown spontaneous Ca21 oscillations
following recovery from the ovary. Oocytes in which Ca21
had spontaneously oscillated also showed oscillations in
response to cInsP3, whereas those that had not shown
spontaneous oscillations showed responses that were at-
tenuated. These findings are comparable with the Ca21
responses of oocytes to fertilization.
The above findings in oocytes used pulsatile release of
InsP3 but we also found similar results with continuous
ncaging protocols as in Fig. 3 (data not shown). However,
o confirm that oocytes would not generate long-lasting
a21 oscillations if they had displayed no spontaneous Ca21
oscillations we performed the experiment displayed in Fig.
8. Figure 8 shows the intracellular Ca21 changes in two
oocytes that had shown no spontaneous Ca21 oscillations
nd two eggs in response to an uncaging protocol of 1 ms
uration every 1 s. These eggs and oocytes were all pro-
essed and subjected to photolysis at the same time, that is,
hey were in the same optical field, such that there could be
sP3. (a) A GV stage oocyte which was loaded with cInsP3 had given
n associated Ca21 rises (starred). Between photolytic events we also
ge oocyte that had not given spontaneous Ca21 oscillations was
otolysis events (arrowheads) but then gave regenerative Ca21 rises.
nts were observed. This was not due to loss of cInsP3 because if
observed again following reinitiation of photolysis.of cIn
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8 Jones and Nixonno discrepancies in the amount of cInsP3 microinjected or
photoreleased. The eggs displayed large Ca21 oscillations
while the two oocytes displayed shorter Ca21 oscillations
that rapidly stopped.
DISCUSSION
The main finding here is that the uncaging of cInsP3 can
ead to fertilization-like Ca21 oscillations in mouse eggs and
oocytes. In eggs we observed many of the Ca21 changes
normally associated with fertilization such as: (1) a much
longer lasting first transient, (2) superimposed spikes on the
first Ca21 transient, (3) a pacemaker rise in Ca21 associated
ith the Ca21 rise, and (4) a long interspike interval. It is
ell established, and has been modeled elsewhere, that a
onstant level of InsP3 can induce Ca21 oscillations with a
ow interspike frequency (reviewed in Thomas et al., 1996,
nd references therein). However, the present data contrast
ith previous experiments in eggs, which showed that
nsP3 gave only high-frequency Ca21 oscillations when
introduced into eggs by pressure injection or by a leakage
pipette. Microinjection of InsP3 is associated with a large
co-injection of Ca21 from the medium, which acutely
influences Ca21 release through the InsP3 receptor (Finch et
al., 1991; Bezprozvanny et al., 1991). Also, pressure injec-
tion or, more probably, InsP3 leakage from a micropipette
hich remains inserted in the egg results in only limited
iffusion of InsP3 due to its inactivation (Allbritton et al.,
1992). Thus we have probably achieved fertilization-like
Ca21 responses in eggs with cInsP3 by circumventing the
problems associated with InsP3 microinjection.
FIG. 8. Ca21 oscillations in eggs and oocytes induced by continu-
ous uncaging of cInsP3. Two eggs (solid lines) and two oocytes
(dotted lines) injected with cInsP3 were uncaged (arrow) at the same
ime. We used 1 ms photolysis per second. The eggs displayed
ypical large responses, which resembled those induced by sperma-
ozoa. However, the oocytes gave higher frequency Ca21 oscilla-
tions that rapidly stopped. This was not due to loss of cInsP3 since
uncaging could be stopped for 10 min and a similar result obtained
by reinitiation of photolysis.Copyright © 2000 by Academic Press. All rightA PLC–InsP3 signaling cascade is the most popular
echanism to explain the Ca21 oscillations observed at
ertilization. This pathway may involve an active sperm
LC (Jones et al., 1998b; Mehlmann et al., 1998), a sperm
LC activator (Sette et al., 1997, 1998), or an oocyte PLC
ctivated by a sperm–ligand egg–receptor interaction (Evans
nd Kopf, 1998). Independent of the exact nature of the
nitiating factor(s) in the signaling cascade which releases
a21, it is clear that all the proposed mechanisms work
through the generation of InsP3.
Given the proposed role of InsP3 at fertilization, it is
urprising that microinjection of InsP3 (Swann et al., 1989;
Fissore and Robl, 1993; Galione et al., 1994; Swann, 1994;
Jones and Whittingham, 1996), nonhydrolyzable InsP3 (Fis-
ore and Robl, 1993; Galione et al., 1994), or adenophostin,
n InsP3 receptor agonist (Sato et al., 1998), results in Ca21
oscillations that do not resemble those seen at fertilization.
Specifically, these InsP3 receptor agonists generate much
igher frequency Ca21 oscillations than those observed with
permatozoa. Furthermore, in some studies these agonists
ead to a rapid desensitization in response (Fissore and Robl,
993; Galione et al., 1994). The inability of introduced InsP3
to mimic fertilization has led to the suggestion that the
spermatozoon may sensitize the InsP3 receptor to basal
nsP3 levels, rather than producing InsP3, thereby generat-
ing Ca21 oscillations (Swann and Lai, 1997).
In contrast to the microinjection of InsP3, here we have
demonstrated that uncaging cInsP3 does generate
ertilization-like Ca21 oscillations. The fact that a constant
levated InsP3 level can induce Ca21 changes similar to
ertilization does not necessarily mean that this is the
echanism that physiologically occurs. However, like oth-
rs (Mehlmann et al., 1998), we suggest that a working
ypothesis is that a sperm PLC generates InsP3-driven Ca21
oscillations following gamete fusion. This is consistent
with the known involvement of the InsP3 receptor at
ertilization (Miyazaki et al., 1992, 1993; Xu et al., 1994).
Some differences between the InsP3-driven Ca21 changes
bserved here and the fertilization-induced Ca21 oscilla-
ions remain. Most noticeably, the first few transients are
till of relatively high frequency. We feel this is probably
ue to the technical limitations of uncaging InsP3, rather
han a reflection of a different mechanism in operation.
ery similar recordings observed here with uncaged InsP3
have been seen with high-dose microinjections of sperm
extracts (Swann, 1994). High doses can achieve initially
high frequency oscillations, which with time decrease, to
resemble a normal fertilization Ca21 response. Technically
we were not able to reduce the UV illumination further,
without lowering the level of calcium green fluorescence
below that needed to record intracellular Ca21 levels. This
is because we used the same light source for both photolysis
and calcium green imaging. Here cInsP3 was probably
released globally or in a graded manner from the base of thes of reproduction in any form reserved.
egg upward away from the objective lens. When InsP3 is
photoreleased in the turbid frog egg it is predicted that InsP3
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9Photolysis of Caged InsP3 in Mouse Oocytes and Eggsis produced in a zone up to 10 mm from the plasma
membrane (Callamaras and Parker, 1998). The mouse egg is
optically more clear, so UV penetration would be expected
to be much further. However, another possible improve-
ment would be to release InsP3 from a point source within
he mouse egg cytoplasm. This may be the most efficient
ay to mimic the spatial aspects of InsP3 production by the
permatozoon, given the known spatially restricted distri-
ution of the egg InsP3 receptor (Kline et al., 1999), which
leads to differences in InsP3 sensitivity in the egg center
versus cortex (Oda et al., 1999). One notable absence from
the eggs in which we have uncaged InsP3 is the sperm-
activating factor. This sperm factor is most probably a PLC
(Jones et al., 1998b, 2000; Parrington et al., 1999a) or PLC
activator (Sette et al., 1997, 1998). The presence of a high
PLC activity in the egg would be predicted to alter some of
the temporal aspects of Ca21 release observed here. This is
ecause PLCs show Ca21 sensitivity in their activity, at
east in vitro, while PLCd family members are primarily
ctivated by Ca21 in vivo (Allen et al., 1997; Rhee and Bae,
997; Kim et al., 1999). Therefore, their activity would
ncrease when intracellular Ca21 is raised. Thus it may not
actually be possible to mimic completely a sperm-induced
response in an unfertilized egg, because it lacks in its
cytoplasm the sperm calcium-releasing factor.
Spontaneous Ca21 Release in Oocytes
Some GV stage oocytes give spontaneous Ca21 oscilla-
tions when isolated from the ovary. These spontaneous
Ca21 oscillations can be reinitiated in oocytes by the simple
insertion of a micropipette containing injection buffer (Fig.
6), but not if the extracellular Ca21 is lowered into the
ubmicromolar range. Therefore, spontaneous Ca21 oscilla-
ions can be driven both by Ca21 influx and by InsP3 (Carroll
and Swann, 1992). It is important to note that the micropi-
pette needs to kept inserted in the oocyte to observe Ca21
oscillations. We did not produce Ca21 oscillations if only a
brief microinjection was performed (or even if the micropi-
pette was pushed against the plasma membrane without
penetration, data not shown). These observations are in
keeping with those of Mehlmann and Kline (1994) who
found that microinjection of buffer into oocytes did not
generate any Ca21 release.
The data presented here support the observation that
a21 influx can trigger Ca21 release through activation of
the InsP3 receptor at basal InsP3 levels (Missiaen et al.,
991, 1992). Since InsP3 is still required for Ca21 oscillations
riven by Ca21 influx, the present findings are consistent
with spontaneous oscillations being blocked by the InsP3
antagonist heparin (Carroll and Swann, 1992; Deng et al.,
1998). The influx of Ca21 may arise through the gap junc-
tions present on oocytes (Eppig, 1982), since GV oocytes are
mechanically stripped of cumulus cells (here; Carroll and
Swann, 1992; Deng et al., 1998) and this may perturb Ca21Copyright © 2000 by Academic Press. All rightuch a perturbation resulting in spontaneous Ca oscilla-
ions.
The present work did not examine if spontaneous Ca21
oscillations have any physiological role. Growing oocytes,
which are incompetent to undergo maturation when re-
leased from the ovary, do not show spontaneous Ca21
oscillations (Carroll et al., 1994). However, these oscilla-
tions appear to have no effect on GVBD (Carroll and Swann,
1992; Mehlmann and Kline, 1994) and it therefore remains
to be established if their effects are manifest later in
maturation. Mechanical stripping of cumulus cells from the
oocyte at a time when they communicate through gap
junctions could easily be expected to contribute to a Ca21
overload of stores, disruption of Ca21 homeostasis, and the
nitiation of Ca21 oscillations. However, it must be noted
hat spontaneous Ca21 oscillations have been observed in
umulus-free oocytes collected from the ovary (Deng et al.,
998). These oocytes are destined for atresia and have lost
heir cumulus cells spontaneously in the follicle. It is
herefore tempting to speculate that Ca21 oscillations are
ormally associated in vivo with the process of oocyte
tresia.
Caged InsP3 Photolysis and Sperm-Induced Ca
21
Release in Oocytes
The main findings here with respect to oocytes are that
cInsP3 can mimic the pattern of Ca21 release seen with
permatozoa. Oocytes fall into two groups, those displaying
pontaneous oscillations and those that maintain a steady
a21 level. In the latter group, oocytes seem unable to
generate long-lasting Ca21 oscillations in response to sper-
matozoa or cInsP3 photolysis. This may be due to the
decreased ability of oocytes to respond to InsP3 (Fujiwara et
al., 1993; Mehlmann and Kline, 1994; He et al., 1997), as a
result of smaller Ca21 stores (Jones et al., 1995a) and/or
ewer InsP3 receptors (Mehlmann et al., 1996; Parrington et
l., 1999b). Another important factor may be the distribu-
ion of the endoplasmic reticulum, in particular the lack of
n extensive cortical clustering of InsP3 receptors and
endoplasmic reticulum, which is present in the mature
oocyte (Mehlmann et al., 1995, 1996; Kline et al., 1999).
Close association of endoplasmic reticulum with the
plasma membrane (“conformational coupling”) is one pro-
posed mechanism for capacitative Ca21 entry (e.g., Berridge,
1995), which has been shown to be essential in maintaining
sperm-induced Ca21 oscillations in eggs (McGuiness et al.,
1996). The phenomenon can be observed when removal of
extracellular Ca21 leads to a very rapid rundown in Ca21
oscillations.
Another important factor may be that the Ca21 signal is
influenced by cell cycle-associated kinases present in meta-
phase II eggs but lacking in oocytes (Jones et al., 1995a,b).
Maturation-promoting factor has been found to be an im-
portant regulator in the ability of spermatozoa to induces of reproduction in any form reserved.
Ca21 oscillations in ascidian eggs (McDougall and Levas-
seur, 1998; Levasseur and McDougall, 2000). We have
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oocytes. Development 120, 3507–3517.
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10 Jones and Nixoninferred a similar cell cycle control in mouse, where it is
argued that sustained Ca21 oscillations require M-phase-
ssociated factors (Jones et al., 1995a,b; Kono et al., 1996).
ndeed, a positive association of maturation-promoting fac-
or activity with Ca21 oscillations has recently been sug-
ested in the mouse (Deng and Shen, 2000). However, the
act that GV stage oocytes can display long-lasting Ca21
oscillations in response to spermatozoa (data presented
here; Mehlmann and Kline, 1994; Deng et al., 1998) and
sperm extracts (Wu et al., 1997) argue against a simple
model in which the activity of the mammalian sperm factor
is switched on by the activity of M-phase kinases. The two
important factors, which may sustain long-lasting Ca21
oscillations in oocytes, are first their high degree of
polyspermy (Fig. 5 and Mehlmann and Kline, 1994), which
would provide a high dose of sperm factor, and second their
sensitization to Ca21-releasing agents by stripping of cumu-
us cells (Fig. 6).
In summary, the data presented here show for the first
ime that the hallmarks of sperm-induced Ca21 oscillations
n both mouse eggs and oocytes could be matched by
ontinuous low-level photolysis of cInsP3. This offers sup-
ort to a simple model for fertilization-induced Ca21
changes in which oscillations are driven by an active sperm
PLC (Mehlmann et al., 1998; Jones et al., 1998b), which
enerates a small continuous amount of InsP3.
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